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Electrochemistry Using Nanometer-Sized Electrodes

Reginald M. Penner, Michael J. Heben, Teresa L. Longin, and Nathan S. Lewis*

Division of Chemistry and Chemical Engineering

California Institute of Technology

Pasadena, CA 91125

ABSTRACT

Electrodes with dimensions as small as 10 A have been fabricated and used for electrochemical

studies. Remarkab!y large current densities are generated by these ultra small electrodes, as predicted

by conventional radial diffusion theory. These large current densities have enabled the measurement of

electron transfer rate constants, khet, which are two orders of magnitude faster than khet values

accessible using any other electrochemical method.
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Ultra-small electrodes are being increasingly used in areas as diverse as scanning tunneling

microscopy (1), electrophysiology (2), chemical kinetics (3), and nanolithography (4). The temporal and

spatial advantages of small electrodes have allowed electrochemists to measL .he rates of fast

chemical reactions (3,5,6), to perform in-vivo voltammetric measurements ins. je living brain tissue (7)

and inside single cells (8), to observe changes in the conductivity of single ion channels (9), to

efficiently detect analytes eluted from a capillary zone electrophoresis column (10), and to perform

small scale etching and lithography (4). In all of these applications, the performance of the electrode

with respect to speed and spatial resolution scales inversely with the electrode radius. The smallest

ultramicroelectrodes with well-defined voltammetry reported to date have an exposed radius of 0.1 pum

(11), with more typical sizes in the range 1.0-10.0 pm. In this report, we describe a method that has

allowed the routine fabrication of electrodes with radii as small as 10 A. We also describe the use of

these nanometer-scale electrodes (nanodes) to determine electron transfer rate constants which are

two orders of magnitude faster than those accessible with any other currently available electrochemical

method.

The nanodes were fabricated in a two step procedure. 0.50 mm diameter Pt or Pt-lr (70:30) wire

was first electrochemically sharpened using an AC etching procedure, as described previously (12,13).

Etched wires were then translated at 0.10 mm/s through a molten glass bead that was held in a

resistively heated, circular Pt filament (i.d. = 2 mm). The size of the aperture in the resultant glass

coating was related to the translation velocity and to the temperature of the molten glass: at a constant

wire translation velocity, the effective aperture radius, r, increased with increasing insulator melt

temperature. Temperatures in the range 1250-1370 °C were used to prepare electrodes with radii of 10

A - 20 jm. This two step etching and coating process closely resembles standard procedures used to

prepare 1-50 pum diameter glass-coated Pt electrodes for neurophysiology applications (14), except that

the refinements in procedure described above yielded electrodes with much smaller exposed metal

areas. Control of the relationship between glass melt temperature and r readily enabled the fabrication

of small apertures in high yield: -50% of the electrodes fabricated possessed radii of < 0.10 Mm (vide

supra), and appi aximately 10% (out of ovar 200 Plectmdes fabricated in our laboratory) exhibited radii in

the range 10-100 A.
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Figure 1 displays optical and scanning electron microscope (SEM) images of a typical nanode

produced by this procedure. The apex of this electrode had an ultimate hemispherical radius of =0.2

Mm, and appeared to be completely covered with glass even at the highest magnifications available with

the SEM (50,000x). However, this specimen was not totally insulating when used as an electrode, but

exhibited conventional steady-state microelectrode behavior. The voltammetry of representative

nanodes in several electrolytes containing redox active ions is shown in Figure 2. The mass transport

controlled limiting current, il, measured from the plateau region of the sigmoidal steady state

voltammogram, can be related to the effective radius of exposed metal using equation [1] (15):

[1] il = 21rnFDC*r

where F = 96487 C/eq., D is the diffusion coefficient of the reactant (cm2/s), C* is the bulk concentration

of the reactant (moles cm' 3 ), and r is the electrochemical radius (cm). Equation [1] was used to

calculate electrochemical radii of 1.9 pm and 17.4 Am for the electrodes in Fig. 2a, and of 16 A and 3.0

,um for the electrodes in Fig. 2b. To validate this calculation, several (>10) nanodes were measured in

one electrolyte and were then transferred to a solution containing a different redox couple; agreement

between the calculated r values in these independent measurements was typically within 20%. A tacit

assumption implied in the use of equation 1 is that the electrode has a hemispherical geometry. The

assumption of other exposed metal geometries (e.g. disk, cone) would yield apparent electrode radii

which are larger by 20-30% than the values obtained from Equation 1 (the factor 2
fr would be replaced

by 4.0 for a disk (16) and by =2w for a cone (13)), but this does not affect the primary conclusion that

extremely small electrodes have been prepared by the etching/coating method.

Although the absolute magnitude of the current for these nanodes is small, the current densities

are extremely large. The 70 A cm "2 current density obtained in F gure 2c exceeds, by two orders of

magnitude, the current densities accessible in this electrolyte with a rotating disk electrode or with AC

potential modulation methods (17), and corresponds to a mass transport velocity, mo (= D/r), of 100

cm/s. The large mo values generated by nanodes extends the range of maximum measurable electron

transfer rate constants (khet), because the rate of electron transfer is less likely to be limited by mass
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transport of the reactant to the electrode surface. Smaller electrodes are advantageous because the

current density is inversely related to the electrode radius, implying that the maximum measurable

value of khet increases linearly with 1/r. Moreover, since the extraction of kinetic information from

steady-state voltammograms does not require severe correction for resistance and capacitance effects,

nor the construction of extremely high speed (>MHz) potentiostats, nanode based kinetic

measurements are both straight forward and reliable (18). Nanodes with radii of 10 A, described in this

Report, are capable of measuring khet values that are within a factor of 6 of the values attainable using a

hypothetical single platinum atom (r = 1.53 A) as an electrode.

Figure 2a-c displays the complete steady state voltammetry for a collection of different nanodes

in contact with a variety of electrolytes. As expected, when the electrode radius was sufficiently large,

mass transport limited (i.e. Nernstian) electrode behavior was observed, and the peak shape and

position on the potential axis was independent of further increases in electrode radius (dashed curves,

Figure 2a-c). No quantitative kinetic information can be obtained from such voltammetric data.

In contrast, when the electrode radius becomes comparable to the value of D/khet (19), mass

transport is sufficiently rapid that the wave shape is no longer independent of electrode radius, and khet

can be determined from an analysis of the voltammogram shape and its position on the potential axis

(19,20). The exact equations for calculating kinetic voltammograms at microelectrodes have been

derived by Zoski and Oldham (21), and we have used this theory to extract values of khet and a from the

steady-state nanode data. The magnitude of the potential shift at the formal potential, E° ', was used to

evaluate khet, while the slope of In(khet) vs. E° ' in the potential interval + 10 mV of E° was used to

evaluate the value of the transfer coefficient, a (21). Best-fit voltammograms obtained using this

procedure are displayed as solid lines through the experimental data in Figures 2a-c. The fit of the

calculated I-V curve to the experimental data was not very sensitive to a which ranged from 0.5 - 0.7.

Values of the heterogeneous rate constants obtained for the three redox couples depicted in Figure 2,

and for the other redox couples investigated in this work, are summarized in Table I.

Kinetic parameters for relatively slow electron transfer reactions (khet < 0.5 cm/s) have been

measured previously using conventional electrochemical methods. Our measurements of two khet

values reported to be in the range khet = 10-3 -1o' cm/s were in good agreement with those of previous
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workers (Table 1). These measurements employed electrodes with radii at the large end of the range

used in our work: electrodes with radii of 1.0 - 2.0/um were sufficient to measure khet for Ru(NH 3 )6
3 +/2 +

in 50 mM KPF6(aq) and khet for Fe 3 + / 2 + in 0.1 M H2SO4(aq). Weaver and coworkers (22) have

observed dramatic increases in khet for cobalt amine complexes in aqueous electrolytes containing CI',

however the magnitude of this effect for Ru(NH3)63+/2+ could not be quantified because khet in 0.5 M

KCI(aq) is too large to be measured using conventional techniques (23). In contrast to the kinetic data

of Figure 2a (obtained with a 1.9 pm radius electrode), substantially smaller electrodes were required to

observe kinetic voltammograms in Ru(NH3)63+/2+ solutions containing 0.5 M KCI. Kinetic

voltammograms were obtained using 10-20 A radius nanodes, and these data yielded a value for khet of

(79 + 44) cm/s (Figure 2, Table I). A lower limit for the heterogeneous rate constant for ferrocene +/ 0

(Fc+ / ° ) of > 10 cm/s has been estimated by Bond et al. (24) using steady-state voltammetry at

microelectrodes with r = 0.3 pm. Our measurements at 15-20 A radius nanodes yielded a value for of

khet of (220 ± 120) cm/s in CH3CN, 0.10 M [(n-C4H 9 )4N][CI04] electrolyte. In contrast to

Ru(NH3 )6 3+/2+ and FcO/+, both methyl viologen2 + / + (MV 2 +/ + ) and 1,1'-dicarbomethoxycobaltocene+/O

(Cp#2Co+/O) exhibited reversible voltammetric behavior even at nanodes with radii - 20 A, indicating

that khet > (170 + 90) cm/s for MV 2 + / + and khet > (130 + 70) cm/s for CP#2Co+/O. These data are useful

because the Nernstian response observed at the smallest electrodes indicates that the kinetic

voltammetry obtained for other systems at 10-50 A nanodes is not an artifact resulting from unusual

voltammetric responses at nanometer-sized electrodes. No evidence for a dependence of khet on the

electrode dimension was observed for the electrolyte concentrations and nanode radii used in this work

(25).

These khet values are in good agreement with expectations based on electron transfer theories.

Marcus (26) has derived a relationship between homogeneous self-exchange electron transfer rate

constants (kex) and heterogeneous rate constants:

[21 khet = Zhetkex/Zbi)11 2
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where Zbi is the bimolecular collision frequency, 1011 M-10, and Zhet is the unimolecular collision

frequency into a surface, 104 cm/s. The validity of this relationship was questioned by earlier

heterogeneous kinetic measurements (27) that were later disputed as being limited by the time

response of the technique. The self-exchange rates (kex) for Fe 3 + / 2 + (= 3 M' 1s "1 (28,29)) and

Ru(NH3)63+/2+ (= 4 x 103 M-1 s-1 (30,31)) can be used in equation [2] to predict khet values of 0.05

cm/s and 2 cm/s respectively, which are in reasonable agreement with the experimental values

obtained in this work and measured previously (Table I). Similarly, kex for Fc+/O (8.5 x 106 M-1 s1 (32))

corresponds to khet 90 cm/s and kex for 1,1'-dicarbomethoxycobaltocene+/O (1.9 x 108 M 1 s- 1 , (33))

yields a value for khet of > 400 cm/s, which is consistent with the observed voltammetric behavior. The

indirect estimates of kex for methyl viologen2 + / + (kex = 8.0 x 106 M- 1 s 1 (34)) predict a khet of 89 cm/s,

which is somewhat smaller than the lower limit of (170 + 90) cm/s which we report here. Although the

overall consistency of equation [2] is indicated by these new khet measurements, more kinetic data is

required to quantitatively test its validity under a variety of conditions. We note, however, that self-

exchange kinetic measurements for most outer-sphere redox ions predict khet values which are too

large to measure using conventional methods, but which can now be determined using nanodes and

the steady-state voltammetric method described above.

In conclusion, we have demonstrated that nanometer-sized electrodes can be reproducibly

fabricated, and subsequently characterized by electrochemical methods. These nanodes can be used

to obtain heretofore unavailable kinetic information on a range of redox couples. Additionally, they

should find application in a variety of areas, including neurophysiology, lithography, chemical analysis,

and scanning tunneling microscopy, and will help advance the methodology to construct and modify

physical and chemical structures on a molecular scale.

Acknowledgments: We acknowledge the Office of Naval Research for support of this work, and

Professors F.C. Anson of Caltech and M.J. Weaver of Purdue University for helpful discussions. This is

contribution #8153 from the Division of Chemistry and Chemical Engineering at Caltech.
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Table 1. Measured khet data, comparison with literature values of khet, and
comparison with khet values calculated from equation 2 using literature values of
kex.

Redox Couple Electrolyte electrode Abk,,.. 1 C kW (lit.)d Reference kv. [lit.)e khw (calc.)T  
Reference

radius' (mv) (cm S1) (cm S-1 ) (M1 s 1 1 (Cm s 1)

F0 3 12 0. 1 M H2S0 4 , aqueous 18 pm 10 0.018
8.1 'Um 14 0.022
2.0 pm 30 0.031
1.3 Pm 44 002

0.018 2: 0.007 0.018- 0.0032 (19,34,35) 1.1,4.2 0.033, 0.065 (28,27)

Ru(NH 3) 3
12 50 mMj KPFO, aqueous 4.6;pm 6 0.10

3.7;pm 6 0.12
1.6 p~m 4 0.38
1,3 Am 10 0.17

0.26 ± 0.13 0.35. 0.45 (22,5) 3200. 4300 1.8, 2.5 30.29)

Ru(NH3( 6
3

,
2

- 0.5 MKCI, aqueous 1.1 p'm ')0.13

269 A 0 '9.3
203 A 0 'i11
11iA 37 47

79.±44---

Fc.'
0  0.3 M Bu4NC1O 4. acetonitrile 2.6 p~m 0 '0.22

0.SlpUm 0 ' 1.1
ia A 28 120

16 A 1712

220 1 120 0.7-3.1 (27,37,S) 8.5.e108 90 (32)

0-2 
01 M BU4NC1O4, acetonitrile 0.21 pm 0 '1.8

0.11 pum 0 >'3.6
67A 0 '58

22A 0 -7
,170+90 -8.0.106 89 134)

)CPCOOCH 3)2CO'0  
0.1 MBu4NCIO 4. scetonitrlle 4.7 pm 0 '0.066

29o A 0 '10

37A 0 ' 77
23 A 0 >3

,130+70 -1.9 x108 430 (331

"Calculailedhfom the meowedltihng curw@Mit, w.uing &poioni [11. dValuea of kho reported in previous published woI*.
6WO In potential of the steedyletill voltanmograrn rellal~ to E ja a reersible eElectron self-exchange rate constants reported in previous published woric.
(NeR"Itlai) voillamogrant. Tabuisted we the observed shfta toe four emedriodes of ~Vaues for kp.W calculated from ii,, using the Marcus cross-relation. equation [21.
varioua ases.
CI"'elterogeneoue electro tranaler ran constofte luncafrectod for double layer effects)
as measureld using staY-st voltimmellry. Talbulilktd are foul represeintakhre kr,
values c"OerePondng to fte Potenial shfll listed In column 4. The average kw value
and Ila stndard deviatitons listed ame staitlm for larger delta SeOW of up to 10
ineaaurmffwb. For eledrodee that eztblted no potetia shllit. a lower limit of kw is
isted In FuCt, cese. the tower limit wu estImated as the value of kher required to

induce a 10 mV shllat E.



Figure 1. Optical (A) and scanning electron (B) micrographs of a typical nanode. The vertical bars in (A)

are at intervals of 0.50 mm.

Figure 2. Voltammetric behavior (5 mV/s) of several nanodes in various electrolytes. Each

voltammogram was normalized to the value of il after subtraction of a sloping baseline. Concentrations

of redox species were as follows: (A) open circles: 6.67 mM; closed circles: 6.51 mM. (B) open circles:

4.30 mM; closed circles: 2.97 mM. (C) open circles: 3.54 mM; closed circles: 3.45 mM. In (B) and (C),

the fit to the open circle data was unchanged for all electrodes with radii > 50 A, and was in excellent

agreement with the Nemstian behavior (dashed line) generated by using the value of E° ' obtained from

voltammetric measurements at the largest nanode radii. In (A), the Nernstian voltammogram (dashed

line) was determined by measurement of E° ' using cyclic voltammetry, because khet for Fe 3 +/ 2 + is so

small that kinetic voltammograms were obtained even at the largest microelectrodes used in this work.

In (A)-(C), the deviations observed from ideal Nernstian behavior allow determination of khet.
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10 A. Oxidation of Fe 2 -

0 1 M H, SO 4 , aqueous 0

08 - -- 1 = 49 nA. r = 17 "m

khe t = 0014 cm s
0 - zi = 5 3 nA. r = 1 9 zmJ

0 .6 - 1,h e 0 0 17 Cm S

0. 4-

0.2- 7, jD

C,

-02 -0.1 0.0 0.1 0.2
1.0, 

. . . ,

B. Oxidation of ferrocene
0 3 M [(C4 H9 )4 NCI0 4 ). acetonitrile
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C. Reduction of Ru(NH 3 )6
3 +

0 5 M KCI. aqueous .o

-0.2 -i =73 nA, r = 4.2 4m

* - = 1.9 p A, r = I

khet = 47 cm/s
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